Canopy structure influences forest productivity through its effects on the distribution of radiation and the light-induced changes in leaf physiological traits. Due to the difficulty of accessing and measuring forest canopies, few field-based studies have quantitatively linked these divergent scales of canopy functioning. The objective of our study was to investigate how canopy structure affects light profiles within a forest canopy and whether leaves of mature trees adjust morphologically and biochemically to the light environments characteristic of canopies with different structural complexity. We used a combination of light detection and ranging (LiDAR) data and hemispherical photographs to quantify canopy structure and light environments, respectively, and a telescoping pole to sample leaves. Leaf mass per area (LMA), nitrogen on an area basis (N area ) and chlorophyll on a mass basis (Chlmass) were measured in red maple (Acer rubrum), american beech (Fagus grandifolia), white pine (Pinus strobus), and northern red oak (Quercus rubra) at different heights in plots with similar leaf area index but contrasting canopy complexity (rugosity). We found that more complex canopies had greater porosity and reduced light variability in the midcanopy while total light interception was unchanged relative to less complex canopies. Leaf phenotypes of F. grandifolia, Q. rubra and P. strobus were more sunacclimated in the midstory of structurally complex canopies while leaf phenotypes of A. rubrum were more shade-acclimated (lower LMA) in the upper canopy of more complex stands, despite no differences in total light interception. Broadleaf species showed further differences in acclimation with increased N area and reduced Chlmass in leaves with higher LMA, while P. strobus showed no change in N area and Chlmass with higher LMA. Our results provide new insight on how light distribution and leaf acclimation in mature trees might be altered when natural and anthropogenic disturbances cause structural changes in the canopy.
Introduction
The spatial distribution of leaves and empty space within forest canopies have important impacts on light microclimates (Kira et al. 1969, Parker and Brown 2000) , the ratio of shade-to sunacclimated leaf phenotypes (Chen et al. 2012) , resource-use efficiency (Walcroft et al. 2005 , Duursma and Mäkelä 2007 , Gough et al. 2013 , Hardiman et al. 2013a , biomass accumulation (Hardiman et al. 2011 , Fahey et al. 2015 and net ecosystem CO 2 exchange (NEE) Wilson 2001, Law et al. 2001) . While leaf area index (LAI), or total leaf area per unit ground surface area, is a main driver of aboveground net primary productivity (ANPP) in temperate forests (Reich 2012) and a primary structural variable used in modeling canopy-level photosynthesis of forests globally (Chen et al. 2012) , in itself it does not take into account the effects of the spatial arrangement of leaves on canopy-level photosynthesis or ANPP.
Leaf clumping, which is a measure of vegetation dispersion from a random distribution, has been a key structural variable used to model canopy-level photosynthesis (Walcroft et al. 2005 , Duursma and Mäkelä 2007 , Chen et al. 2012 and NEE Wilson 2001, Law et al. 2001 ). Higher leaf clumping, whether within shoots, between branches, inside crowns or among trees, has been widely observed to increase canopy-level photosynthesis (Chen et al. 2012 ) and net carbon (C) uptake (Baldochii and Wilson 2001, Law et al. 2001 ) compared with canopies with random leaf distributions. The amount of empty canopy space, or porosity, which is a function of both leaf area density and clumping, also affects ANPP but has been less extensively studied. It has been proposed that more densely packed, low porosity canopies intercept more light and exhibit higher ANPP compared with less densely packed canopies (see Morin 2015) . However, Fahey et al. (2015) reported increased ANPP in an old-growth temperate forest with a higher porosity canopy compared with one with a more densely packed canopy.
A relatively new and less extensively studied metric of canopy structural complexity, rugosity, measures the horizontal variability of vertical variation in leaf area distribution (as defined by Hardiman et al. 2011 ). This definition of rugosity, which measures the internal complexity of the entire canopy, differs somewhat from that of Parker and Russ (2004) , which quantifies variations in the outer topography of the canopy (but also see and Kane et al. 2010 for alternate definitions). While clumping can be measured at multiple spatial scales, rugosity is a stand-level metric integrating clumping at all spatial scales, and captures complexity in both geometric directions (e.g., gaps vs variable canopy heights). Highly rugose canopies (here-after following the definition by Hardiman et al. 2011 ) have been related to increased ANPP in a temperate forest (Hardiman et al. 2011 (Hardiman et al. , 2013a ) and a moderately disturbed old-growth temperate forest (Fahey et al. 2015) . Hardiman et al. (2013a) further demonstrated that rugosity increased ANPP through enhanced light-use efficiency (the ratio of ANPP per unit light absorbed), but the mechanisms driving this relationship remain poorly understood.
Canopy structure can affect canopy-level photosynthesis (Kira et al. 1969 , Chen et al. 2012 , light-use efficiency (Walcroft et al. 2005, Duursma and Mäkelä 2007) and NEE (Baldochii and Wilson 2001, Law et al. 2001 ) through its influence on both total light interception and its variability within the canopy. Forests with greater heterogeneity in tree size and canopies with higher leaf clumping (more porous) intercept less light in the upper canopy and increase incident radiation in the canopy interior (Law et al. 2001 , Walcroft et al. 2005 , Duursma and Mäkelä 2007 , Pretzsch and Schütze 2016 , resulting in enhanced photosynthesis in understory leaves. Greater light penetration into the canopy can also cause shifts in leaf traits from shade-to sun-acclimated phenotypes (Gauthier and Jacobs 2010) . This morphological change can increase the photosynthetic capacity of leaves (Niinemets 2007 , Valladares and Niinemets 2008 , Catoni et al. 2015 , and potentially lead to higher canopy-level photosynthesis (Chen et al. 2012) . More porous canopies, with greater leaf clumping, also have a more even light distribution within the canopy, causing improved light-use efficiency (Walcroft et al. 2005, Duursma and Mäkelä 2007) and higher net C uptake (Baldochii and Wilson 2001, Law et al. 2001) . Similarly, diffuse radiation more readily penetrates canopies and distributes excess radiation from lightsaturated leaves at the canopy top to light-limited leaves in the shaded understory, leading to increased LUE (Gu et al. 2002) and canopy-level photosynthesis (Urban et al. 2012) .
Leaf morphological plasticity in response to variable light conditions is an important determinant of the net C gain (i.e., ratio of respiration rates to net photosynthetic rates) of leaves within individual trees (Catoni et al. 2015) and canopy layers (Kira et al. 1969) , and potentially influences ANPP of forests. Leaves developed under high-light conditions tend to be thicker, with higher leaf mass per area (LMA), nitrogen content per area (N area ) and maximum photosynthetic capacity per unit area (A max/area ) than leaves that developed in the shade (Valladares and Niinemets 2008, Catoni et al. 2015) . Additionally, leaves that develop under low-light conditions allocate more nitrogen to light-harvesting components (e.g., chlorophyll content on a mass basis, Chlmass), which increases the efficiency of light capture at low irradiances (Valladares and Niinemets 2008) . While general trends of increasing LMA and N area , and decreasing Chlmass, have been observed from canopy bottom to top in both temperate (Hollinger 1989 , Ellsworth and Reich 1993 , Koike et al. 2001 ) and tropical forests (Kenzo et al. 2006 , 2012 , Cavaleri et al. 2010 , less is understood about how varying canopy structure might influence these widely observed relationships. Trees also exhibit considerable intraspecific variation in how leaf traits may respond to light heterogeneity inside individual crowns (Iio et al. 2005 , Wyka et al. 2012 , Catoni et al. 2015 and throughout the forest canopy (Ellsworth and Reich 1993 , Koike et al. 2001 , Kenzo et al. 2012 , Jin et al. 2013 .
The objectives of our study were to investigate (i) how the spatial distribution of leaves and empty space affects the amount and distribution (e.g., variability) of light within a forest canopy and (ii) whether leaf morphological and biochemical phenotypes match the light environment caused by canopy structural differences. It is important to quantify within-canopy light variability as it strongly influences both branch (Muraoka and Koizumi 2005, Iio et al. 2009 ) and canopy-level photosynthesis (Iio et al. 2011) , as well as NEE (Vesala et al. 2000) . We used a combination of light detection and ranging (LiDAR) data and hemispherical photographs to quantify within-canopy structure and light environments, respectively. We measured leaf traits in four codominant species (Acer rubrum, Fagus grandifolia, Pinus strobus and Quercus rubra) at different heights in plots with similar LAI but variable canopy structural complexity.
Methods

Site description
Research was conducted at the University of Michigan Biological Station (UMBS) in northern Lower Michigan (45°35.5′N, 84°4 3′W). The UMBS forest is a mixed northern hardwood forest dominated by early successional bigtooth aspen (Populus grandidentata), quaking aspen (Populus tremuloides) and paper birch
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Betula papyrifera) as a result of intensive harvest and fire in the early 1900s. Natural senescence of these species is giving rise to later successional species, including northern red oak (Q. rubra), red maple (A. rubrum), white pine (P. strobus) and American beech (F. grandifolia), that are co-or subdominant in the midcanopy. Mean annual temperature is 5.58°C and mean annual precipitation is 817 mm. Soils in the study area are coarse-grained, mixed frigid Entic Haplorthods.
Measurement of canopy light environment
We conducted our study in 10, 0.08 ha circular plots selected to encompass a wide range in canopy structure but having similar LAI (Table 1) . To quantify the within-canopy light environment, we established nine vertical transects in each plot for a stratified random sampling design (Figure 1 ). Within each vertical transect, hemispherical photographs were taken at 2 m height increments from 2 to 14 m (63 sampling points per plot) on cloudy days during June 2013 using a Canon Powershot A640 camera with fisheye lens attached to a self-leveling mount on top of a 20 m telescoping carbon fiber pole (GeoData Systems Management Inc., Berea, OH, USA). Photographs were taken in 8 of 10 plots due to time constraints. Photographs were analyzed using WinScanopy 2003a (Regent Instruments, Quebec, QC, Canada) to calculate potential photosynthetic photon flux density (PPFD, mol m
) arriving at each height over the growing season. Briefly, this software determines the suns trajectory over a 24-h period using latitudinal and longitudinal coordinates, and based on the suns position during the day, estimates potential PPFD by assuming 0 or 100% light penetration for vegetation and sky pixels, respectively (pixels were classified as sky or vegetation through manual thresholding for each photograph separately). Further details of these methods are described in the manufacturer's instructions for WinScanopy 2003a.
Light variability was quantified as the coefficient of variation (PPFD CV ) within each 2 m canopy layer:
where PPFD is the mean PPFD across the nine vertical transects at a given canopy height (2-14 m) and PPFD σ is the standard deviation of PPFD for the same layer.
Leaf collection and measurements
Foliage of A. rubrum, F. grandifolia, P. strobus and Q. rubra was sampled at the same 2 m locations as hemispherical photographs plus an additional layer at 16 m of each vertical transect using a pruner attached to the telescoping pole (n = 72 sampling locations in each plot). Five leaves or sets of fascicles of each species were randomly collected in each 2 m layer for LMA (g m −2
) analysis (n = 2251 leaves) and five additional leaves were collected in every other canopy layer, immediately frozen in liquid nitrogen, and stored at −80°C until processed. All samples were collected between mid-June and mid-July of 2013 to avoid seasonal effects on chlorophyll degradation (Vapaavuori and Vuorinen 1989) . Dried leaf samples were analyzed for % nitrogen using a CHN analyzer (Costech Elemental Analyzer, Costech Analytical Technologies 9 Inc., Valencia, CA, USA). Frozen leaf samples were analyzed for chlorophyll a and b following the methods of Sükran et al. (1998) .
Measurement and derivation of canopy structural metrics
Leaf area index was determined for each plot from the average of the nine photographs taken at the 2 m height using WinScanopy 2003a. We measured the horizontal and vertical distribution of branch and leaf material along a 40 m transect bisecting each plot (Figure 1 ) following the methods of Hardiman et al. (2011) . We used a portable canopy LiDAR (PCL), which employs an upward-looking near-infrared pulsed laser distance measuring instrument (model LD90-3100VHS-FLP; Riegl USA, Inc., Orlando, Florida, USA). The PCL is a discrete return system where returned laser pulses represent intercepted canopy elements and are aggregated into 1 m bins along the 40 m transect. These LiDAR data are converted into vegetation area index (VAI) using an empirically derived negative exponential curve similar to that of . The VAI is a good proxy for LAI at this site since most the canopy surface Table 1 . Summary of stand characteristics describing diameter at breast height (DBH), basal area, canopy height, rugosity, porosity and LAI for plots used in this study compared with all plots at site. Values are means with SD among plots in parentheses. Note that means and ranges of study plots were similar to those for the whole study site.
Variable
Plots used in study (n = 10) All plots at site (n = 57) area, and thus returned laser pulses, is composed of leaves (Gough et al. 2008) . Canopy structural complexity was described using three PCLderived metrics:
(i) Rugosity (sensu Hardiman et al. 2011) , the horizontal and vertical variation in VAI:
where c represents the entire canopy, z is the vertical height axis, x the horizontal axis (40 m) and σ the standard deviation-note that Hardiman et al. (2011) use R c to indicate rugosity of the entire canopy to distinguish from that defined by Parker and Russ (2004) , R, which refers to the rugosity of the outer surface only. (ii) Canopy height, H t , the average height of last LiDAR returns in each column within a transect:
where C max is the height of the return with the greatest vertical distance in a given column x and H t is equal to the average C max across the 40 columns in a transect. where B empty is the total number of bins with no laser returns below C max summed across all 40 columns and B total is the total number of bins across the same area.
Statistical analysis
We used least squares regression to test for relationships between rugosity and canopy height, porosity and LAI, and to test for relationships between LMA, N area , and Chlmass for each species. Analysis of variance (ANOVA) was used to test for differences in PPFD, PPFD CV and LMA at each height above ground (H a ), defined as the 2 m canopy layers where response variables were collected. We then used generalized linear mixed effects models (GLMMs) to determine the effects of varying rugosity among plots on response variables at each height above ground using the software package lme4 (Bates et al. 2012 , R Development Core Team 2015 . All GLMMs included height above ground as a fixed categorical factor with six to seven levels (depending on the GLMM, see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online), rugosity as a continuous fixed effect, and their interaction (H a *R c ), such that:
where β 0 is the intercept (height at 2 m), β 1 is the predicted mean (main effect) for each height above 2 m, β 2 is the main effect for rugosity and β 3 is the effect size for each interaction term in the model (the rugosity effect at each height above 2 m). That is, β 0 estimates the mean of the response variable at 2 m across all plots, β 1 is the predicted change in the mean value of the response variable at each height above 2 m and β 2 is the main effect of rugosity on the response variable. The interaction term, β 3 , estimates the change in the mean of a response variable at a given height for each unit increase in rugosity. For example, at a given height, rugosity can have a positive, negative or neutral effect on the mean of a response variable depending on whether β 3 at that height is significant. A positive β 3 indicates an increase in the response variable mean with increasing rugosity, while a negative β 3 indicates a decrease with increasing rugosity. PLOT was included as a random effect in each GLMM, while TRANSECT was added as a random effect to the LMA and total PPFD GLMMs (see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). To determine significance of β coefficients, a likelihood ratio test was performed using maximum likelihood methods for each term in the model (Moore 2010) .
Results
Canopy structural complexity
Canopy height had a strong linear correlation with rugosity while porosity and LAI had strong non-linear relationships. Canopy height increased linearly along the rugosity gradient, ranging from about 11 m in the least complex canopy to above 16 m in the most complex canopy (Figure 2a) . Porosity ranged from a low of 0.56 to a high of 0.74 and increased non-linearly (quadratic fit) across the canopy structural gradient, peaking at higher , also had a non-linear relationship (quadratic fit) with rugosity, but peaked at medium values of structural complexity (R 2 = 0.64, P = 0.077, Figure 2c ).
Within-canopy light environment
There was a gradual decrease in potential PPFD of over two-fold from canopy top (14 m) to bottom (2 m) (Figure 3a) . The GLMM, however, predicted a doubling of potential PPFD from 12 m (14.3 mol m −2 day ), suggesting that the magnitude of the effect of rugosity on PPFD (β 1 coefficient) began to increase abruptly with height since no other heights had significant β 1 coefficients (not significantly different from the 6.8 mol m −2 day −1 at the 2 m level, Figure 3b ). The relationship between potential PPFD and rugosity (β 3 coefficients) was not significantly different from zero at any height above ground ( Figure 3c and Table S1 available as Supplementary Data at Tree Physiology Online). That is, potential PPFD at any height was unaffected by rugosity.
While there was no change in PPFD CV with height (Figure 3d ), the range in PPFD CV values among plots increased within the 6-14 m region. The increased spread in PPFD CV at these heights may have resulted from differences in rugosity among plots, causing the GLMM to over-predict PPFD CV for these heights (β 1 coefficients, Figure 3e ). We found a significant negative rugosity effect on PPFD CV in the midcanopy, 6-14 m region (negative β 3 coefficients, Figure 3f and Table S1 available as Supplementary Data at Tree Physiology Online). In this area of the canopy, light variability decreased significantly with increasing canopy complexity.
Within-canopy leaf structure and chemistry
In general, there was a positive effect of rugosity on LMA (Figure 4c, f, i, l) . That is, LMA of most species was greater (more sun-acclimated) in more structurally complex canopies (positive β 3 coefficients; see Table S2 available as Supplementary Data at Tree Physiology Online). The effect of rugosity on LMA was most pronounced in F. grandifolia, which had both the most significant β 3 coefficients (6-14 m) and the largest LMA difference across the rugosity gradient (highest β 3 coefficient at 12 m). More rugose canopies resulted in a higher LMA of Q. rubra leaves at 6 , 10 and 14 m. Pinus strobus was the least responsive species, showing positive rugosity effects on LMA at 6 and 14 m. Acer rubrum exhibited a lower LMA at the three uppermost canopy layers of more complex canopies (12-16 m).
Leaf mass per area was a strong predictor of N area in the broadleaf species (Figure 5a ). Leaf nitrogen per area increased with LMA for A. rubrum (R 2 = 0.72, P < 0.001), F. grandifolia (R 2 = 0.84, P < 0.001) and Q. rubra (R 2 = 0.68, P < 0.001), while there was no relationship between N area and LMA for P. strobus (R 2 = 0.00, P = 0.55). Leaf mass per area was also a strong predictor of total Chlmass in the broadleaf species (Figure 5b ). Chlorophyll per mass decreased with LMA for A. rubrum (R 2 = 0.24, P < 0.001), F. grandifolia (R 2 = 0.28, P < 0.001) and Q. rubra (R 2 = 0.12, P = 0.02), while there was no relationship between Chlmass and LMA for P. strobus (R 2 = 0.02, P = 0.28).
Discussion
Effects of canopy structural complexity on within-canopy light environments
We found that forest plots with greater canopy structural complexity had lower light variability in the midcanopy compared with plots with simpler canopy arrangements (Figure 3f ). This result might provide an important link between canopy structure and forest productivity as a more even light distribution can increase canopylevel photosynthesis per unit of intercepted light (Walcroft et al. 2005, Duursma and Mäkelä 2007) . This effect of reduced light variability with increasing canopy complexity could help explain the increase in ANPP with rugosity observed by Hardiman et al. Tree Physiology Volume 37, 2017
(2011) at our site and by Fahey et al. (2015) in a moderately disturbed old-growth temperate forest. The less variable light environment within complex canopies that we observed was possibly associated with the greater porosity of these canopies (Figure 2b) . Previous studies have shown that direct beam radiation is distributed more evenly in highly clumped canopies (Walcroft et al. 2005, Duursma and Mäkelä 2007) , and those with lower leaf area densities (Law et al. 2001) . The effect of clumping and leaf area density on light penetration becomes more pronounced with higher LAI, where greater self-shading occurs (Baldochii and Wilson 2001, Law et al. 2001 ). While we found no change in total light interception in more rugose canopies, our plots encompassed a narrow range of LAI (2.89-3.4 m 2 m −2
, Table 1 ). Light penetration through gaps is additionally influenced by canopy height and latitude, where penumbral effects are more pronounced in taller canopies with greater light scattering, and in forests at higher latitudes, where solar angles are lower (Smith et al. 1989) . Therefore, increased rugosity, and presumably porosity, might influence light interception differently in taller canopies with greater LAI, and those located at higher latitudes with lower solar angles, where greater self-shading is likely to occur.
We also found strong positive correlations between rugosity, canopy height and porosity (Figure 2 ). This is important since a taller canopy allows for a greater vertical spread and variation in leaf area distribution. Although LAI peaked at medium structural complexity, there was very little difference in LAI among the extreme values (range was~0.5 m 2 m −2 across plots). Spreading similar quantities of leaf area across a larger vertical space causes leaf area density to decline (Parker 1995) , explaining why canopies at our site became more porous with increasing rugosity. It is unclear why porosity plateaued at high rugosity values, where LAI was approaching a minimum again and was spread maximally in the vertical dimension. This discrepancy might have resulted from PCL data (e.g., porosity) being collected in a planar space while hemispherical data (e.g., LAI) was collected in a volumetric space (three-dimensional). Much prior research on canopy structure has focused on drivers of spatial leaf arrangement and empty space including community composition (Lefsky et al. 1999 , Dial et al. 2004 ), species diversity (Jucker et al. 2015) , successional stage (Dial et al. 2011) , and the type and severity of disturbance (Hardiman et al. 2013b , Fahey et al. 2015 . Our results provide additional insight into how changes in canopy structure, whether induced by natural or anthropogenic disturbances, or by shifts in community composition over time, might alter within-in canopy light environments, and the potential impact this might have on branch- (Duursma and Mäkelä 2007, Iio et al. 2009 ) and canopy-level photosynthesis (Iio et al. 2011) , as well as NEE (Vesala et al. 2000) . Few studies have quantitatively linked canopy structure to light distribution (Walcroft et al. 2005, Duursma and Mäkelä 2007) , canopy-level photosynthesis (Kira et al. 1969 , Chen et al. 2012 , ANPP (Hardiman et al. 2013a , 2013b , Fahey et al. 2015 and NEE (Baldochii and Wilson 2001, Law et al. 2001) . b, e) and β 3 (c, f) are coefficients from the fitted GLMM representing the predicted potential PPFD and PPFD CV at each height above ground, and the estimated change in the mean of these response variables at a given height for each unit increase in rugosity, respectively. Boxplots represent the medians and range of extreme values, horizontal bars indicate minimum and maximum values, and different letters indicate significant differences in means among heights. Significant β 1 and β 3 coefficients are indicated by † P < 0.10, *P < 0.05, **P < 0.01.
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Leaf morphological and biochemical acclimation to canopy structure
We found that with increasing canopy complexity, leaves of F. grandifolia, Q. rubra and P. strobus exhibited more sunacclimated phenotypes (higher LMA) at various canopy heights (Figure 4f, i, l) . In parallel with these morphological differences were greater investments of N area and reduced Chlmass for each broadleaf species ( Figure 5 ). Pinus strobus exhibited no differences in N area or Chlmass with increasing LMA, suggesting a decoupling of leaf morphology and biochemistry while more leaves of A. rubrum exhibited shade-acclimated phenotypes (lower LMA) in the upper canopy of more complex stands. Plants increase Chlmass at lower irradiance (where LMA is smaller) to improve light capture and harvesting, while they increase N area in leaves exposed to greater light (where LMA is higher) to maximize photosynthetic capacity (Valladares and Niinemets 2008, Catoni et al. 2015) . Knowing the ratio of sun-to shadeacclimated leaves, therefore, is crucial when modeling canopylevel photosynthesis (Chen et al. 2012) , since the photosynthetic capacity is usually 2-4 times higher in sun-than shadeacclimated leaves, while shade-acclimated leaves photosynthesize more efficiently in deep shade (Valladares and Niinemets 2008) . High canopy clumping increases the number of shade to sun leaves when LAI is fixed, and often leads to an overestimation of canopy-level photosynthesis when clumping effects are ignored (Chen et al. 2012) . Our study similarly demonstrates differences in leaf acclimation across canopy structural gradients independent of LAI, with potential consequences for canopy-level photosynthesis and ANPP.
The species-specific differences in LMA with canopy structure that we observed are challenging to explain since potential PPFD, which is thought to be the main driver of LMA, was Figure 4 . The relationship between height above ground and LMA for (a) A. rubrum, (d) F. grandifolia, (g) Q. rubra and (j) P. strobus. The LMA represents values calculated from leaf clippings while the β 1 (b, e, h, k) and β 3 (c, f, i, l) are coefficients from the fitted GLMM representing the predicted LMA of each species at each height, and the estimated change in the mean LMA at a given height for each unit increase in rugosity, respectively. Boxplots represent the medians and range of extreme values, horizontal bars indicate minimum and maximum values, and different letters indicate significant differences in means among heights. Significant β 1 and β 3 coefficients are indicated by † P < 0.10, *P < 0.05, **P < 0.01.
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unaffected by rugosity. Light estimates in our study were derived from hemispherical photographs, which have a coarse resolution and measure a volume of space surrounding branches that is larger than the local leaf environment. Penumbral effects resulting from differences in leaf shape and size, leaf arrangement within a branch, petiole angles and gap size might cause fine-scale light heterogeneity within branches (Smith et al. 1989 ) that was not captured in this study, but which might alter LMA. Leaf mass per area of determinate species, such as F. grandifolia and Q. rubra, is also partly determined by the previousyear's light environment around the bud (Uemura et al. 2000) . This suggests that the degree to which LMA matches the current-years' light availability is dependent on light variability between years. Davi et al. (2008) found that stands receiving the same amount of light had unexplained variations in LMA, suggesting that something other than absorbed PPFD affects LMA. Their LMA sub-model, which takes into account canopy depth and light levels absorbed during leaf growth, overpredicted LMA measured in the midcanopy of a forest thinned after bud development the previous season, which exposed newly expanded leaves to much higher light levels than what the bud acclimated to the previous season. Other studies similarly show lag times in morphological acclimation of leaves to abrupt changes in light between two consecutive years as a result of thinning the previous season (Jones and Thomas 2007, Gauthier and Jacobs 2010) . We only estimated the currentyears' potential PPFD, which might vary among years as a function of canopy structure and should be investigated in future studies. The mismatch between biochemistry and LMA in P. strobus might be because leaves of evergreen species are maintained for several years (needles were not separated by age class), and the original light environment to which they were morphologically acclimated may be very different from their current one (Niinemets 1997 ).
Conclusion
We found that canopies of greater structural complexity had significantly lower light variability in the midcanopy, similar to that observed in canopies with high leaf clumping (Walcroft et al. 2005, Duursma and Mäkelä 2007) . We also found differences in LMA across a gradient of canopy structural complexity whereby sun-acclimated phenotypes were generally more abundant in highly complex canopies despite no differences in potential PPFD exposure. Patterns of LMA, and consequently N area and Chlmass distributions within the canopy, are important determinants of canopy-level photosynthesis and possibly ANPP of forests. Canopy structural metrics that influence light distribution, and subsequent leaf acclimation, could be incorporated into canopy photosynthesis models (i.e., two-leaf models), which currently emphasize only LAI and leaf clumping (Chen et al. 2012) . Ignoring within-canopy light variability leads to an overestimation of C uptake at both the branch (Muraoka and Koizumi 2005, Iio et al. 2009 ) and canopy scales (Iio et al. 2011) , as well as NEE (Vesala et al. 2000) . Despite the importance of light variability in accurately estimating C uptake in forests, few studies have rigorously attempted to quantify the light heterogeneity within canopies and the effects it has on C uptake (but see Vesala et al. 2000 , Iio et al. 2009 . Our study links canopy structure, spatial light distribution, and leaf acclimation, and provides a potential next step towards understanding the mechanisms by which age-related increases in canopy structural complexity sustain ANPP in forests spanning more than a century in age (Hardiman et al. 2013a ).
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